Three new acylated cyanidin 3,7-diglucosides (1-3) were isolated from the red-purple flowers of Sophronitis wittigiana as its main floral anthocyanins. These three pigments were based on cyanidin 3,7-diglucoside as the deacylanthocyanin, and their structures were determined to be cyanidin 
Introduction
Sophronitis species with yellow, orange-red, red, and pink colors are native to Brazil. They were introduced into other areas as ornamentals, which have been hybridized not only between species but also between genera such as Cattleya, Laelia, and Brassabola. Although the genus name Sophronitis was given by Lindley in 1828 (Withner, 1990) , recently, the genus Sophronitis was combineded with the genus Laelia and transferred into the genus Cattleya (van den Berg, 2008) . However, we herein use the independent generic status of Sophronitis in accordance with Withner (1990) . Nine species were proposed in this genus (Withner, 1990) . In these species, except for S. wittigiana, most of the flowers are colored red or orange-red (Withner, 1990) , and the flowers of S. wittigiana are red-purple. From pigment analysis of the orange-red flowers of S. coccinea, Matsui and Nakamura (1988) presumed that the red-purple flower color of S. wittigiana was only formed with anthocyanin pigments and in the absence of carotenoid pigments. Then, five acylated cyanidin 3,7,3ʹ-triglucosides were isolated from the orange-red flowers of S. coccinea (Tatsuzawa et al., 1998) . In the present study, we found eight floral anthocyanin pigments, among which five known acylated cyanidin 3,7,3ʹ-triglucosides and three novel acylated cyanidin 3,7-diglucosides were observed in the red-purple, red, and orange-red flowers of seven taxa of Sophronitis species. Furthermore, three novel acylated cyanidin 3,7-diglucosides was confirmed to be and S. wittigiana were gifts from the cultivator, Mr. Tamon Suzuki (Amiele Project, Gifu, Japan), and S. acuensis and S. cernua were grown in Tsukuba Botanical Garden, National Museum of Nature and Science, Tsukuba, Japan. The flower colors of the fresh perianths from flowers of each species were recorded by comparing them directly with the RHS Colour Chart (The Royal Horticultural Society, London, UK), and their CIE L* a* b* chromaticity values were recorded on a CM-2002 spectro color meter (Minolta Co., Ltd., Tokyo, Japan). Perianths were picked up by hand, air dried for 2-3 days at 40°C, and kept at -20°C until used.
Analysis of anthocyanin distributions in the flowers of seven taxa of Sophronitis
Dried perianths (each ca. 20 mg) of seven taxa were extracted with 1 mL MAW (MeOH-HOAc-H 2 O, 4 : 1 : 5, v/v/v) as the anthocyanin extracts. Quantitative analysis of these anthocyanin extracts was performed by HPLC (method 1).
Isolation, purification, and structure determination of anthocyanins for the red-purple flowers of S. wittigiana Dried perianths (ca. 20 g) of S. wittigiana were immersed in 5% HOAc-H 2 O (5 L) at room temperature for 12 hrs and extracted. The extract was passed through a Diaion HP-20 Ion Exchange Resin (Mitsubishi Chemical, Tokyo, Japan) column (90 × 150 mm), on which anthocyanins were absorbed. The column was then thoroughly washed with 5% HOAc-H 2 O (20 L) and eluted with 5% HOAc-MeOH (500 mL) to recover the anthocyanins. After concentration, the eluates were separated and purified with paper chromatography (No. 590; ADVANTEC, Tokyo, Japan) using BAW. The separated pigments were further purified with preparative HPLC, which was performed on a Waters C18 (19 f × 150 mm; Waters) column at 40°C with a flow rate of 1 mL·min -1 and monitoring at 530 nm. The solvent used was as follows: a linear gradient elution for 20 min from 50 to 70% solvent B in solvent A. As major anthocyanin pigments, pigments 1-3 were concentrated, and then these concentrated fractions were each dissolved in a small volume of 5% HOAc-EtOH followed by the addition of excess Et 2 O to give precipitated pigments 1 (ca. 17 mg), 2 (ca. 4 mg), and 3 (ca. 4 mg). only distributed in the red-purple flowers of S. wittigiana as its main pigments.
In this paper we report the occurrence of these three novel acylated cyanidin 3,7-diglucosides in the red-purple flowers of S. wittigiana, and discuss the blue color direction effect on the flower colors of Sophronitis plants.
Materials and Methods

General procedures
Thin-layer chromatography (TLC) was conducted on cellulose-coated plastic sheets (Merck, Darmstadt, Germany) (Harborne, 1984) .
Analytical HPLC was performed on an LC 10A system (Shimadzu, Kyoto, Japan), using a C18 (4.6 × 250 mm) column (Waters, Milford, MA, USA) at 40°C with a flow rate of 1 mL·min -1 and monitoring at 530 nm. The eluant was applied as a linear gradient elution for 40 min from 20 to 85% solvent B (1.5% H 3 PO 4 , 20% HOAc, 25% MeCN in H 2 O) in solvent A (1.5% H 3 PO 4 in H 2 O) with 5 min of re-equilibration at 20% solvent B, for anthocyanins, anthocyanidins and hydroxycinnamic acids (method 1). The other eluant for malonic acid was applied as an isocratic elution of solvent A for 10 min and monitoring at 210 nm (Tatsuzawa et al., 2009 ) (method 2).
UV-Vis spectra for purified anthocyanins were recorded on an MPS-2450 (Shimadzu) in 0.1% HCl-MeOH (from 200 to 700 nm). Spectral absorption of the fresh flower was directly measured on the intact petals using a recording spectrophotometer operated as double-beam instrument (MPS-2450) (Saito, 1967; Yokoi and Saito, 1973) . Crude carotenoids were extracted from dried perianths (ca. 4 mg) of each plant by soaking in MeOH : acetone (1 : 1; v/v) for 30 min at room temperature. UV-Vis spectra of the extracts were recorded on a MPS-2450 spectrophotometer (400-700 nm).
Fast atom bombardment mass spectra (FABMS) were obtained in positive ion mode using the magic bullet (5 : 1 mixture of dithiothreitol and dithioerythritol) as a matrix with JMS SX-102 (JEOL Ltd., Tokyo, Japan). NMR spectra were recorded on JMN GX-500 (JEOL Ltd.) at 500 MHz for 1 H spectra in CD 3 OD-CF 3 COOD (9 : 1). Chemical shifts are reported relative to a tetramethylsilane (TMS) internal standard (d), and coupling constants (J) are in Hz.
Plant materials
The flowers of Sophronitis brevipedunculata, S. coccinea, S. coccinea var. xanthoglossa, S. grandiflora, 2010), respectively. In addition, caffeic acid and malonic acid were detected in the hydrolysates of pigments 1, 2, and 3, respectively. 1. Deacylanthocyanin (cyanidin 3, 
H 2 O 2 degradation
Pigments 1-3 (ca. 0.5 mg each) were dissolved in H 2 O (100 mL) and oxidized with H 2 O 2 (100 mL). The resulting solutions were chromatographed on cellulose plates using BAW and EAA by TLC. The components obtained from pigments 1-3 by H 2 O 2 degradation were confirmed to be malonylglucose and glucose by co-TLC analysis with authentic samples, which were obtained from Phalaenopsis anthocyanin 3 by H 2 O 2 degradation (Tatsuzawa et al., 1997) and commercial glucose (Wako Chemicals, Osaka, Japan).
Known anthocyanins of orange-red or red flowers of Sophronitis acuensis, S. brevipedunculata, S. cernua, S. coccinea var. xanthoglossa, and S. grandiflora
Mixed dried orange-red or red perianths (ca. 30 g) of six taxa of Sophronitis plants were immersed in 5% HOAc-H 2 O at room temperature for 12 hrs and extracted. The extract was purified by Diaion HP-20 CC, PC, TLC, and HPLC by the previous procedures of S. coccinea (Tatsuzawa et al., 1998) and Bletilla striata (Tatsuzawa et al., 2010) . From this extract, five anthocyanin pigments (4-8) were obtained as follows: pigment 4 (ca. 4 mg), pigment 5 (ca. 2 mg), pigment 6 (ca. 1 mg), pigment 7 (ca. 2 mg), and pigment 8 (ca. 1 mg). 
Acid hydrolysis
Acid hydrolysis of pigments 1-3 (ca. 0.5 mg each) was achieved using 2N HCl (1 mL) at 90°C for 2 hrs and resulted in the presences of cyanidin, glucose, malonic acid, and caffeic acid in the hydrolysate of pigment 1, cyanidin, glucose, and caffeic acid in the hydrolysate of pigment 2, and cyanidin, glucose, and malonic acid in the hydrolysate of pigment 3. Moreover, the demalonylation of pigments 1 and 3 (ca. 0.5 mg each) was achieved using 1N HCl (0.5 mL) at room temperature for 5 days, and resulted in the isolation of demalonyl pigment 1 (= pigment 2) and demalonyl pigment 3 (= cyanidin 3,7-diglucoside). See above.
Alkaline hydrolysis Pigments 1-3 (ca. 0.5 mg each) were dissolved in 2N NaOH (1 mL) using degassed syringes to stir for 15 min. These solutions were then acidified with 2N HCl (1.1 mL). These hydrolysates were used for the analysis of TLC and HPLC with authentic cyanidin 3,7-diglucoside (seranin) obtained from Serapias lingua (Strack et al., 1989) and Bletilla striata 'Murasaki Shikibu' (Tatsuzawa et al., pigment 1 is composed of cyanidin with two molecules of glucose and one molecule each of caffeic acid and malonic acid. These elemental components of pigment 1 were confirmed by measuring its HR-FABMS. From these results, the structure of pigment 1 was presumed to be caffeoyl cyanidin 3-malonylglucoside-7-glucoside.
The detailed structure of pigment 1 was further elucidated by investigation of its 1 H NMR spectra, including 2D COSY and NOESY spectra.
The chemical shifts of nine aromatic protons of cyanidin and caffeic acid moieties with their coupling constants were assigned by analysis of its 2D COSY spectrum, as shown in the section pigment 1 in Materials and Methods. The 1 H NMR spectrum exhibited two olefinic proton signals of caffeic acid with large coupling constants (J = 15.9 Hz and 15.9 Hz). Therefore, its caffeic acid was determined to be in trans configuration. Proton chemical shifts of the sugar moieties were observed in the region of d3. 35-5.23 , where the two anomeric protons resonated at d5.19 (d, J = 7.6 Hz, Glc A-H1) and d5.23 (d, J = 7.7 Hz, Glc B-H1), respectively. Based on the observed coupling constants, these two sugars were assumed to be in the b-pyranose form (see section pigment 1 in Materials and Methods). By analysis of its 2D COSY spectrum, four characteristic proton signals shifted to a lower magnetic field were assigned as methylene protons of Glc A (d4.29 and 4.48, H-6a and -6b) and Glc B (d4.24 and 4.58, H-6a and -6b), respectively. These results indicated that two OH-6 groups of Glc A and Glc B were acylated with malonic acid and caffeic acid. 2D NOESY spectrum of this pigment was analyzed to distinguish the attachment positions of acid and glucose with cyanidin aglycone (Fig. 1) . The signal of the anomeric protons of Glc A was correlated to the signals of the proton H-4 (d8.63) and that of Glc B was correlated to H-8 and -6 (d7.06 and 6.75) in its NOESY spectrum. These characteristic features revealed that the OH-3 and OH-7 positions of cyanidin were both glycosylated with Glc A and Glc B, respectively. Furthermore, H-6a and b of Glc B weakly correlated with the signals of H-a (d6.03) and b (7.14) of caffeic acid in its NOESY spectrum. This result supported that the OH-6 of Glc B was esterified with caffeic acid (Fig. 1) 
Partial acid hydrolysis of S. coccinea anthocyanin (SCA) 2
Partial acid hydrolysis of cyanidin 3,3ʹ-diglucoside-7-caffeoylglucoside (ca. 0.5 mg, SCA 2) was achieved using 2N HCl (1 mL) at 90°C for 10 min, and resulted in one of the main peaks [HPLC (method 1): Rt (min): 20.5], which was identified as cyanidin 3-glucoside-7-caffeoylglucoside (= pigment 2) by analysis using TLC and HPLC methods.
Results and Discussion
Flower anthocyanins of seven taxa of Sophronitis 1) Structure determination of three new anthocyanins 1-3 in the red-purple flowers of S. wittigiana
By HPLC analysis (method 1), 10 anthocyanin peaks were observed in the MAW extract from red-purple flowers of Sophronitis wittigiana as major anthocyanin peaks. From these peaks, three major anthocyanin peaks (pigments 1-3; pigment 1: 40.5% of the total anthocyanin contents calculated from the HPLC peak area at 530 nm, pigment 2: 9.2%, pigment 3: 20.4%) were isolated from the dried flowers (20 g) with 5% HOAc solvent and purified according to the procedure described previously (Tatsuzawa et al., 1998) . The chromatographic and spectroscopic properties of these pigments are summarized in Materials and Methods. Alkaline hydrolysis of pigments 1-3 (ca. 0.5 mg each) yielded only one deacylated anthocyanin. Its structure was identified to be cyanidin 3,7-diglucoside by comparison of TLC and HPLC with authentic cyanidin 3,7-diglucoside (seranin) obtained from the acylated anthocyanins of Serapias lingua (Strack et al., 1989) and Bletilla striata 'Murasaki Shikibu' (Tatsuzawa et al., 2010) by alkaline hydrolysis. Further detailed structural studies of these anthocyanins 1-3 were carried out as follows.
(1) Pigment 1 Acid and alkaline hydrolyses of pigment 1 gave cyanidin, glucose, malonic acid, and caffeic acid, and cyanidin 3,7-diglucoside, malonic acid, and caffeic acid, respectively. By H 2 O 2 degradation, pigment 1 gave malonylglucose (see Materials and Methods). Moreover, the molecular ion [M] + of pigment 1 was observed at m/z 859 (C 39 H 39 O 22 ) by FABMS measurement, indicating that (3) Pigment 3 Acid and alkaline hydrolyses of pigment 3 gave cyanidin, glucose, and malonic acid, and cyanidin 3,7-diglucoside and malonic acid, respectively. Moreover, the molecular ion [M] + of pigment 3 was observed at m/z 697 (C 30 H 33 O 19 ) using FABMS indicating that pigment 3 is composed of cyanidin with two molecules of glucose and one molecule of malonic acid. These elemental components of pigment 3 were confirmed by measuring its HR-FABMS. From these results, the structure of pigment 3 was presumed to be malonyl cyanidin 3,7-diglucoside. Moreover, by H 2 O 2 degradation of pigment 3, 6-(malonyl)-glucose was detected in its degradation products, similar to the result for pigment 1. Therefore, the structure of pigment 3 was determined to be cyanidin 3-[6-(malonyl)-glucoside]-7-glucoside (Fig. 1) . The pigment is also a new anthocyanin in plants.
2) Five known anthocyanins (4-8) in six orange-red or red flowers of Sophronitis plants
Five anthocyanin pigments (4-8) were isolated from dried mixed perianths (ca. 30 g) of six orange-red or red Sophronitis taxa with 5% HOAc, except that of S. wittigiana. These pigments were purified according to the procedure described previously (Tatsuzawa et al., 1998) , and small amounts of five anthocyanins (4-8) were obtained, respectively. These five anthocyanin structures were investigated by a similar process as before, and were identified to be cyanidin 3-malonylglucoside-7-caffeoylglucoside-3ʹ-glucoside (Sophronitis coccinea anthocyanin 1 = SCA 1) as pigment 4, cyanidin 3,3ʹ-diglucoside-7-caffeoylglucoside (SCA 2) as pigment 5, cyanidin 3-malonylglucoside-7-feruloylglucoside-3ʹ-glucoside (SCA 3) as pigment 6, p-coumaroyl cyanidin 3-malonylglucoside-7,3ʹ-diglucoside (SCA 4) as pigment 7, and feruloyl cyanidin 3,7,3ʹ-triglucoside (SCA 5) as pigment 8, as shown in the section Materials and Consequently, the structure of pigment 1 was elucidated to be cyanidin (Fig. 1) , which is a new anthocyanin in plants ( Andersen and Jordheim, 2006; Harborne and Baxter, 1999; Honda and Saito, 2002; Grayer, 2008, 2011) .
Acid and alkaline hydrolyses of pigment 2 gave cyanidin, glucose, and caffeic acid, and cyanidin 3,7-diglucoside and caffeic acid, respectively. By H 2 O 2 degradation of pigment 2, only glucose was detected, and glycosylcaffeic acid was not observed in its degradation solution. Moreover, the molecular ion [M] + of pigment 2 was observed at m/z 773 (C 36 H 37 O 19 ) using FABMS indicating that pigment 2 is composed of cyanidin with two molecules of glucose and one molecule of caffeic acid. These elemental components of pigment 2 were confirmed by measuring its HR-FABMS. From these results, the structure of pigment 2 was presumed to be caffeoyl cyanidin 3,7-diglucoside.
Moreover, the analytical data of pigment 2 were identical to those of the demalonylation of pigment 1 and also one intermediate anthocyanin obtained by partial acid hydrolysis from SCA 2 (cyanidin 3,3ʹ-diglucoside-7-caffeoyl-glucoside). The partial acid hydrolysate from SCA 2 was identical to pigment 2 by HPLC analysis [HPLC (method 1): Rt (min): 20.5, see "Partial acid hydrolysis" in Materials and Methods] and assumed to be cyanidin 3-glucoside-7-caffeoyl-glucoside. Therefore, the structure of pigment 2 was determined to be cyanidin 3-O-(glucoside)-7-O-[6-O-(trans-caffeoyl)-glucoside] (Fig. 1) , which is a new anthocyanin in plants ( Andersen and Jordheim, 2006; Harborne and Baxter, 1999; Honda and Saito, 2002; Grayer, 2008, 2011) . 1: pigment 1: cyanidn 3-malonylglucoside-7-caffeoylglucoside. 2: pigment 2: cyanidn 3-glucoside-7-caffeoylglucoside. 3: pigment 3: malonyl cyanidin 3,7-diglucoside. 4: pigment 4: Sophronitis coccinea anthocyanin 1; cyanidin 3-malonylglucoside-7-caffeoylglucoside-3′-glucoside. 5: pigment 5: Sophronitis coccinea anthocyanin 2; cyanidin 3,3′-diglucoside-7-caffeoylglucoside. 6: pigment 6: Sophronitis coccinea anthocyanin 3; cyanidin 3-malonylglucoside-7-feruloylglucoside-3′-glucoside. 7: pigment 7: Sophronitis coccinea anthocyanin 4; trans-p-coumaroyl cyanidin 3-malonylglucoside-7,3′-diglucoside. 3. Anthocyanin distributions of 3, 7, To the best of our knowledge, the occurrence of cyanidin 3,7-glucoside has been reported in plants of Anacamptis, Barlia, Cephalanthera, Dactylorhiza, Epipactis, Gymnadenia, Himantoglossum, Limodorum, Neottianthe, Nigrirella, Ophrys, Orchis, Serapias, and Traunsteinera for the Orchidaceae, in company with cyanidin 3-and 3,5-glucosides (Strack et al., 1986 (Strack et al., , 1989 . These plants were grouped into the European orchids. On the other hand, the distributions of anthocyanin 3,7,3ʹ-glycosides were reported in the plants of Bletilla (Saito et al., 1995) , Dendrobium Tatsuzawa et al., 2005 Tatsuzawa et al., , 2006 Williams et al., 2002) , ×Laeliocattleya (Tatsuzawa et al., 1994 (Tatsuzawa et al., , 1996 , Laelia (Tatsuzawa et al., 1996) , Cattleya (Tatsuzawa et al., 1996) , Phalaenopsis (Tatsuzawa et al., 1997) , Sophronitis (Tatsuzawa et al., 1998) , and Vanda (Tatsuzawa et al., 2004) as their main anthocyanin glycosides. These plants are the majority of tropical orchids. As pointed out by Harborne (1993) , 3ʹ-glucosylation of a cyanidin derivative appears to be an alternative evolutionary pathway towards the scarlet and orange colors than the loss mutation of the B-ring hydroxylation at position 3ʹ (from cyanidin to pelargonidin) preferred by bird and butterfly pollinators of tropical plants. So, opposite to the scarlet and orange colors where cyanidin 3,7-glycosides were produced in bluish-red flowers, such as those of S. wittigiana and a bluish variety of Bletilla, it can presumed that the gene deletion of anthocyanin 3ʹ-glucosyltransferase occurred in these plants as spontaneous mutations.
Methods. These structures were further confirmed by comparison of their TLC, HPLC and spectroscopic properties with authentic anthocyanins SCAs 2-5 obtained from the orange-red flowers of S. coccinea (Tatsuzawa et al., 1998) .
Flower colors and anthocyanin structures of seven taxa in Sophronitis plants
Fresh perianths of S. wittigiana exhibited a red-purple color with a chromaticity value (b*/a*) of -0.03 (Table 1) . The visible absorption curve of its intact perianths (Fig. 2) exhibited a lmax at 548 nm, similar to those of common red flowers containing cyanidin 3,5-diglucoside (Yokoi and Saito, 1973) , but the perianths of S. coccinea were orange-red (b*/a* = 1.13) and exhibited a lmax at 503 nm and, furthermore, four extra shoulder peaks at 578-458 nm due to mainly carotenoid pigments (Fig. 2) .
For the anthocyanin distribution of Sophronitis plants, the occurrence of cyanidin was first reported in the orange-red flowers of S. coccinea as its aglycone (Yokoi, 1975) . Then, five acylated cyanidin 3,7,3ʹ-triglucosides were isolated from its orange-red flowers as the main anthocyanin pigments, and their structures were elucidated in detail (Tatsuzawa et al., 1998) .
This study revealed that the occurrence of five acylated cyanidin 3,7,3ʹ-triglucosides was usually observed in the orange-red or red flowers of Sophronitis plants, S. acuensis, S. brevipedunculata, S. cernua, S. coccinea var. xanthoglossa, and S. grandiflora, except for the red-purple flowers of S. wittigiana containing acylated cyanidin 3,7-diglucosides (Table 1) . These results indicated that a blue color direction shift took place for the flower colors of Sophronitis plants by B-ring substitution in their anthocyanins. Similar phenomena were observed in the case of cyanidin 3ʹ-glucose substitution giving scarlet coloration in plants of the Bromeliaceae (Saito and Harborne, 1983) , and also in the case of Bletilla flower colors, such as the bluish variety 'Murasaki Shikibu' containing acylated cyanidin 3,7-diglucoside, and common red-purple plants of Bletilla striata containing acylated cyanidin 3,7,3ʹ-glycoside (Saito et al., 1995; Tatsuzawa et al., 2010) .
As a matter of course, carotenoid pigments except for acylated cyanidin 3,7,3ʹ-triglucosides take part in producing orange-red flower colors, as observed in the orange-red flower colors of five Sophronitis plants (Table 1; Figs. 2 and 3) , whereas the flower color lacking carotenoid pigments, such as that of S. brevipedunculata, is only red, but more hypsochromic than the red-purple flower colors of S. wittigiana (Table 1) .
Therefore, in Sophronitis plants, there are two characteristic methods for producing red-purple flower plants from the common orange-red or red flower color plants as follows: (1) the 3ʹ-OH of cyanidin is free from glycosylation, and (2) decreasing the carotenoid pigment concentration.
